Abstract: This paper presents an evaluation of next generation weather radar ͑NEXRAD͒ Stage III and MPE precipitation estimates for the Missouri River Basin River Forecast Center ͑MBRFC͒ using daily gauge data from the National Weather Service cooperative network. This gauge network is independent of data used to develop the NEXRAD operational products, and, thus, provides an independent assessment of NEXRAD error characteristics. NEXRAD bias, correlation, and percent detection are mapped across the MBRFC to demonstrate the spatial distribution of NEXRAD errors. In general terms, the NEXRAD estimates perform much better in the southeastern portion of the basin than they do in the central and mountainous areas. Although the overall NEXRAD-gauge statistics appear to be worse than those reported in other published studies, the results of this study show marked improvement in NEXRAD estimates of warm season precipitation over the eight-year study period.
Introduction
Radar-based estimates of precipitation can provide broad coverage at relatively high spatial and temporal resolutions. The next generation weather radar ͑NEXRAD͒ network of weather surveillance radar units ͑WSR-88D͒ produces operational precipitation estimates of hourly accumulations on an approximate 4 ϫ 4 km grid. These rainfall estimates are a valuable supplement to conventional gauge-based estimates for hydrologists working on flood forecasting or on the analysis of historical storms. Before their use can become widespread, however, it is important to understand the nature of error in NEXRAD estimates. It is also important to recognize that NEXRAD error characteristics vary in time and space. NEXRAD errors may vary significantly in space for several reasons, including but not limited to, range from the nearest radar, beam elevation, beam blockage, differences in radar calibration, and precipitation climatology. To complicate factors, the error characteristics also vary in time due to seasonal effects, storm characteristics, and occasional changes to the NEXRAD hardware and software.
Numerous papers have compared NEXRAD estimates with raingauge observations. Many of these papers have focused on NEXRAD estimates from the Arkansas-Red Basin River Forecast Center ͑ABRFC͒ due to the early availability of those data. An early study by Smith et al. ͑1996͒ compared gauge observations with NEXRAD Stage I estimates of rainfall for two radar sites ͑Twin Lakes, Oklahoma and Amarillo, Texas͒. Smith et al. ͑1996͒ found that the Stage I product, which is a radar-only estimate of rainfall, significantly underestimates precipitation relative to gauge observation ͑14 to 100% depending on season and range from the radar͒. Johnson et al. ͑1999͒ demonstrated longterm underestimation ͑5 to 10%͒ in the NEXRAD Stage III product by comparing with gauge estimates of mean areal precipitation over eight basins in Oklahoma, Arkansas, and Missouri. Young et al. ͑2000͒ compared the performance of Stage III for the period January 1994-January 1996 with estimates produced using the Process 1 ͑P1͒ algorithm ͑January 1997-June 1998͒. They found that the switch from Stage III to P1 reduced overall bias ͑from −20.5 to +5.2%͒ and root mean square difference ͑RMSD͒ ͑2.66 to 1.56 mm͒ while improving percent detection ͑from 41 to 86%͒. Grassotti et al. ͑2003͒ compared NEXRAD operational estimates produced using the P1 algorithm with those from Weather Services International Corporation ͑WSI͒. In that study, the unbiased RMSD for the P1 product ranged from 5 to 15 mm/ day.
Many of the existing studies of NEXRAD estimates rely on data from hourly raingauges. Understandably, many of the hourly gauge networks across the country are included in the NEXRAD Stage III, P1, or multisensor precipitation estimates ͑MPE͒. As such, many existing NEXRAD evaluations do not validate the product with an independent data set. This lack of independent gauge data is very important: If the gauge data used to evaluate the product are the same as those merged with radar to produce the product, then the comparison will of course show lower errors than the true values. This paper evaluates NEXRAD rainfall estimates from the Missouri Basin River Forecast Center ͑MBRFC͒ using nonrecording, daily raingauge observations collected as part of the National Weather Service ͑NWS͒ cooperative observer network. Although daily gauges cannot evaluate the product at the hourly time step, the independence and the relative high density of daily gauges make them suitable for this study. This paper presents maps of the spatial patterns in these error characteristics across the Missouri River Basin and tracks improvement in NEXRAD estimates through time.
Study Area and Data
The study area for this research is the Missouri River Basin south of the U.S.-Canadian border. Fig. 1 displays the locations of WSR-88D units and daily raingauges in and near the basin.
The NEXRAD database of hourly precipitation estimates compiled for this study is 98.1% complete for the period of record 1998-2004. This database was compiled from the National Oceanic and Atmospheric Administration ͑NOAA͒ Hydrologic Data Systems Group national archive of NEXRAD rainfall estimates and supplemented with files transferred to the University of Kansas from the MBRFC on a daily basis. NEXRAD data for 1998 through 2002 were generated using the Stage III algorithm described in part by Fulton et al. ͑1998͒. Estimates in 2003 and 2004 were generated using the MPE process.
The MPE process differs significantly from the Stage III process on several fronts. The most significant difference is the way that the two algorithms integrate raingauge data. The MPE product uses a "mosaic-and-adjust" strategy to merge reflectivity data from multiple radar sites prior to adjusting with gauge data. The MPE uses the reflectivity value from the lowest available beam elevation at each radar pixel, and then performs mean field and local bias correction with raingauge data. Stage III uses an average of the available Stage II rainfall estimates at a pixel. The Stage II product is a gauge-corrected radar product developed for each radar. Seo and Breidenbach ͑2002͒ detail the gaugecorrection algorithm used in the MPE.
The raingauge data used for this comparison are from the NWS cooperative observer network, also referred to as the NWS Summary of the Day dataset. This network consists of approximately 1,200 gauges in or near ͑within 50 km͒ the Missouri River Basin. These gauges are typically 8 in. nonrecording gauges. The time of observation varies from gauge to gauge, although 65% of the gauges are recorded at 7:00 or 8:00 am local time.
Methodology
NEXRAD hourly files were accumulated to daily totals using a moving window sum, so that the 24-hour accumulations could be extracted at the correct hour for corresponding gauge locations. Once the NEXRAD estimates of daily rainfall were extracted, Fig. 2 . NEXRAD-gauge joint distributions for daily and seasonal totals over the warm and cold seasons Fig. 1 . Missouri River Basin with locations of daily raingauges and WSR-88D installations summary statistics were computed for each gauge-pixel pair. The summary statistics used in this comparison include long-term NEXRAD bias ͓Eq. ͑1͔͒, gauge-NEXRAD correlation ͓Eq. ͑2͔͒, and NEXRAD detection conditioned on gauge observations exceeding a given threshold ͓Eq. ͑3͔͒
where P R and P G ϭ24-hour precipitation observed by NEXRAD and gauge, respectively, P R and P G ϭaverage daily precipitation amounts for NEXRAD and gauge, respectively, n P R Ͼ0,P G Ͼthresh. ϭnumber of days that the NEXRAD pixel records precipitation and the corresponding gauge observation exceeds the specified threshold; and n P G Ͼthresh. ϭnumber of days the gauge value exceeds the specified threshold. The gauge-pixel summary statistics were evaluated for multiple time spans, including the entire period of analysis ͑1998 through 2004͒, individual calendar years, and over the warm season ͑April through September͒ and cold season ͑October through March͒ for each calendar year. The summary statistics were imported to a geographic information system and were interpolated across the Missouri River basin to produce maps that display the spatial variation of gauge-pixel statistics. Each summary statistic was averaged in space over the Missouri River as opposed to averaging over all gauge-pixel pairs. This spatial averaging avoids results biased by the irregular density of NWS COOP gauges across the study area, as seen in Fig. 1 . Averaging gaugepixel statistics over all gauge-pixel pairs would bias the results towards those exhibited in the southeastern portion of the study area.
It is important to recognize that there is a spatial mismatch in the precipitation estimates compared in this study ͑approximately 4 ϫ 4 km for the NEXRAD estimates and 8 in. diam for the gauge observations͒. This spatial mismatch will contribute to differences in observed rainfall. It is also important to recognize that the gauge observations are not error free. Wind-induced undercatch, misrepresentation of rainfall due to poor gauge site conditions, difficulty measuring frozen precipitation, and human error are likely sources of error in the gauge records.
Results
Many gauge-radar comparisons present scatterplots of NEXRAD versus gauge observations of precipitation. Although scatterplots give an idea of the variability of observations, the number of data points often makes these graphs difficult to interpret. Fig. 2 displays the joint distributions of NEXRAD and gauge observations over the warm and cold seasons for both daily and seasonal precipitation. In these graphs, the number of observation pairs in each bin are counted and expressed as a fraction of all recorded pairs. Ten percent of all observed gauge-NEXRAD pairs fall in each band of gray. The graph legend displays the cumulative percentage of observation pairs contained in that band and all darker bands of gray. Fig. 2 demonstrates a high degree of scatter between the gauge and NEXRAD observations, especially for daily data. The season totals graphed in Figs. 2͑c and d͒ exhibit a definite linear relationship, but reveal bias and scatter in the longterm NEXRAD estimates. The overall NEXRAD bias is −39% for the cold season and −32% for the warm season. Fig. 3 demonstrates that the scatter between NEXRAD and gauge observations decreases with longer temporal aggregation. Correlation coefficients were computed for 1-day through 512-day precipitation totals. The correlation coefficient increases rapidly from 1-day to 64-day totals ͑0.63 to 0.76͒. One reason for this increase in correlation is that time averaging reduces the spatial variability of the rainfall field, thus, minimizing the variability caused by the mismatch in NEXRAD and gauge sampling areas. Although Fig. 2 characterizes the differences between NEXRAD and gauge observations, it does not tell the whole story. The quality of NEXRAD estimates varies greatly across the Missouri Basin, in part affected by the density of radar sites, topography, and perhaps climatology as well. Fig. 3 maps out NEXRAD bias and correlation for the entire period of analysis. There is dramatic variability in bias and correlation across the Missouri River Basin, although the long-term bias is negative all across the study area. NEXRAD bias is smallest in the southeast half of the Missouri River Basin. There is a pocket of low bias values in northeast Montana, but bias on the western edge of the basin tends towards −50% or worse. This bias is likely affected by beam blockage and the use of higher radar tilts in the Rocky Mountains. NEXRAD-gauge correlation follows the same general pattern: Relatively high values in the southeastern half of the study area, and low values along the western edge.
The mean bias across the study area is −38%. In order to understand the source of this bias, the percent NEXRAD detection is evaluated in Fig. 4. Fig. 4 shows percent detection for gauge thresholds of 0.0 and 12.7 mm ͑0.0 and 0.5 in.͒. Mean detection improves from 64 to 86% across this range of gauge thresholds. The southeastern half of the basin has higher detection rates. Percent detection is in large part responsible for problems observed in NEXRAD bias and correlation. Obviously, if the NEXRAD product does not detect precipitation, both bias and correlation suffer. Consistent bias can be adjusted for during the calibration of a hydrologic model, while lack of detection is more difficult to account for.
Understanding the spatial distribution of NEXRAD-gauge differences is important for those wanting to apply NEXRAD for modeling or analysis. It is also important to evaluate the NEXRAD-gauge differences over time. The NEXRAD operational product undergoes continual refinement of both hardware and software. Figs. 5 and 6 compare NEXRAD bias and correlation for 1998 and 2004. It is clear that the NEXRAD product has improved over the eight years evaluated in this study. In fact, mean bias over the study area has decreased from −53 to −19%, while correlation has improved from 0.54 to 0.69 at the daily time step. Table 1 investigates whether this improvement over time is true for both the warm and cold seasons. There has been significant improvement of the warm season estimates over the period of study, likely due to the implementation of the MPE algorithm. Warm season bias, correlation, and percent detection all improved in 2002. However, there is no apparent improvement in the NEXRAD-gauge comparison for the cold season. The poor NEXRAD-gauge comparisons for the cold season may be due to the difficulties associated with the measurement of frozen precipitation ͑with both radar and raingauges͒, or to the radar overshooting winter stratiform precipitation.
Discussion
The NEXRAD-gauge comparisons in this paper appear to be worse than those reported in several other studies. For example, NEXRAD underestimates precipitation by an average of 38% The overall percent detection in this study was 64%, compared to 86% for the P1 product as reported by Young et al. ͑2000͒ . The overall correlation between 24-hour NEXRAD and gauge observations is 0.61, which is at the low end of the 0.6 to 0.8 range reported by Grassotti et al. ͑2003͒ for daily observations.
The reason for the high degree of scatter and bias across the MBRFC could be due to several factors. First, radar and gauge densities are low across the north-central plains region. There is in fact a large gap in radar coverage that spans parts of Wyoming, Montana, and North Dakota. Second, detection and estimation of precipitation are difficult in the Rocky Mountains ͑along the western edge of the basin͒. Complex terrain causes beam blockage and forces the use of higher tilts. Third, frozen precipitation is more frequent across the Missouri Basin than it is across the ArkansasRed Basins. Gauge and radar measurements of frozen precipitation are both extremely challenging.
It is possible that the apparent difference in results noted above is due to the fact that this study uses a gauge dataset that is independent of the NEXRAD operational product. The studies cited all compare the NEXRAD estimates to gauge data that were available for inclusion in the NEXRAD estimates. As such, those papers may underestimate the error characteristics of the NEXRAD product ͑at ungauged locations͒.
The summary statistics presented here treat the gauge measurements as "ground truth." In reality, gauge error and the sampling uncertainty due to natural spatial variability of rainfall affect the reported results. As such, the correlation between NEXRAD and the true rainfall may be somewhat higher or lower than reported. However, the bias between NEXRAD and true rainfall is likely higher than NEXRAD-gauge bias, due to raingauge undercatch. Studies have shown that gauge underestimation due to wind undercatch may be on the order of 4-5% ͑Duchon and Essenberg 2001͒.
Conclusions
Maps presented in this paper document the spatial variation in NEXRAD bias, correlation, and percent detection across the Missouri River Basin. These maps may be helpful to those using NEXRAD for analysis or modeling efforts. This study also demonstrates that NEXRAD estimates of warm season precipitation for the MBRFC have improved dramatically over the period [1998] [1999] [2000] [2001] [2002] [2003] [2004] . Bias has improved from −44 to −15%, correlation has improved from 0.54 to 0.69, and NEXRAD detection from 68 to 84%. Cold season comparisons of NEXRAD and gauge data do not improve over the period of record, possibly due to the distinct challenges of measurement of frozen precipitation.
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Notation
The following symbols are used in this paper: n P G Ͼthresh. ϭ rainfall depth for a specified return period and 24 h; n P R Ͼ0,P G Ͼthresh. ϭ rainfall depth for a specified return period and duration; P G ϭ number of years of record; P G ϭ rainfall depth for a specified return period and duration; P R ϭ rainfall duration of interest; and P R ϭ rainfall depth for a specified return period and duration. 
